Several studies have shown that autopolyploid can tolerate abiotic stresses better than its diploid ancestor. However, the underlying molecular mechanism is poorly known. microRNAs (miRNAs) are small RNAs that regulate the target gene expression post-transcriptionally and play a critical role in the response to abiotic stresses. Duplication of the whole genome can result in the expansion of miRNA families, and the innovative miRNA-target interaction is important for adaptive responses to various environments. We identified new microRNAs induced by genome duplication, that are also associated with stress response and the distinctive microRNA networks in tetraploid and diploid Hordeum bulbosum using high-throughput sequencing. Physiological results showed that autotetraploid Hordeum bulbosum tolerated salt stress better than its diploid. Comparison of miRNAs expression between diploid and tetraploid check (CK) and salt stress revealed that five miRNAs affected by genome doubling were also involved in salt stress response. Of these, miR528b-3p was only detected in the tetraploid, and downregulated under salt stress relative to that in tetraploid CK. Moreover, through target prediction, it was found that miR528b-3p was not only involved in DNA replication and repair but also participated in salt stress response. Finally, by analyzing all the differentially expressed microRNAs and their targets, we also discovered distinguished microRNAs-target regulatory networks in diploid and tetraploid, respectively. Overall, the results demonstrated the critical role of microRNAs in autopolyploid to have better tolerance salt stress.
INTRODUCTION
It has been documented that genome doubling per se is tightly associated with environmental changes (Parisod et al., 2010; Vanneste et al., 2014) and polyploids can better cope with different environmental conditions (Fawcett et al., 2009 ) for several reasons. First, it was reported that ancient whole-genome duplications (WGDs) successfully survived because they occurred at specific times during major ecological upheavals and periods of extinction . For instance, the ancient burst of genome duplications occurred close to the Cretaceous-Tertiary (K-T) boundary, when most living organisms went extinct Crawford et al., 2015) , and the presentday polyploidy in the Arctic which is one of Earth's most polyploidy-rich areas (Brochmann et al., 2004) . Second, many studies on allopolyploids have found that although genome duplication has less effect on gene expression change, it has a greater influence on stress response (Hegarty and Hiscock, 2007; Church and Spaulding, 2009; Jackson and Chen, 2010; Parisod et al., 2010) . Third, some studies have shown that autopolyploids have a greater ability to tolerate stress than their diploids. For example, the tetraploid turnip (Meng et al., 2011) , citrus (Saleh et al., 2008) and black locust (Lu et al., 2006) can cope with salt stress better than their respective diploid progenitors. The tetraploid Isatis indigotica (Wang et al., 2013) and Dendranthema nankingense (Nakai) Tzvel (Liu et al., 2011) respond better to abiotic stresses than their respective diploid ancestors. This evidence indicates that genome duplication per se plays a critical role in the evolution of polyploidy as a mechanism to cope with the stressful environmental conditions. However, the molecular basis of this mechanism is unclear.
The change in gene expression patterns such as nonadditive genes (Jackson and Chen, 2010) , uniparental genes, tissue and developmental stage specific genes underlies phenotypic and physiological differences between allopolyploid and diploid (Hegarty and Hiscock, 2007; Jackson and Chen, 2010; Ng et al., 2012) . Genomewide gene expression changes have been investigated in many allopolyploids and large-scale gene expression alterations were observed compared with their respective diploid parents. For instance, 16% of genes were differentially expressed in wheat allohexaploid (Pumphrey et al., 2009) , 30-70% in cotton allotetraploids, 30-60% in senecio allohexaploids (Hegarty et al., 2006) , and 5-38% in Arabidopsis allotetraploids (Wang et al., 2006) . These differentially expressed genes may help allopolyploids to acquire distinct phenotypes (Jackson and Chen, 2010) . Although no large-scale gene expression change was observed between autopolyploids and their respective diploids, most of differentially expressed non-additive genes were related to stress responses (Hegarty and Hiscock, 2008; Allario et al., 2011) which suggested that genome duplication has a greater influence on stress response than hybridization (Jackson and Chen, 2010; Parisod et al., 2010) . It has been demonstrated that genome duplication is always followed by gene loss, but still some duplicated genes involved in transcription and signaling transduction were preferentially retained (Adams and Wendel, 2005) . The maintained regulators might later have facilitated the evolutionary innovations or diversifications, thus they can diverge to create new phenotype and physiological mechanism in polyploids (Osborn et al., 2003) . It has become increasing clear that the rewiring of the regulatory network following WGD is of major importance (Vanneste et al., 2014) . Therefore, autopolyploid does not necessarily produce transgressive traits to fuel adaptive ecological divergence. Instead, it can retain more than two alleles per locus during genome doubling, allowing them to produce a variety of allozymes (Parisod et al., 2010) , and the duplicated genes may evolve novel functions and rewire the regulatory network, which, in theory, would help them adapt to different stressful environments (Adams and Wendel, 2005) .
Although the trends of transcriptome and proteome changes in autopolyploid and its diploid are similar, nonadditive proteins in autopolyploid can be produced by small scale differentially expressed genes (Chen and Rajewsky, 2007; Ng et al., 2012) , which indicates that posttranscriptional regulation may play an important role in regulating gene expression. microRNAs (miRNAs) are endogenous with~21 nt RNAs playing an important role in regulating gene expression by targeting mRNA for cleavage or inhibition of translation at the post-transcriptional level (Bartel, 2004; Khraiwesha et al., 2012) . Since the first microRNA was cloned from C. elegans (Lee et al., 1993) , miRNAs have also been identified in plants like Arabidopsis (Liu et al., 2008) , wheat (Triticum aestivum L.) (Yao et al., 2007) , barley (Hordeum vulgare L.) (Lv et al., 2012) , peanut (Arachis hypogaea L.) (Chi et al., 2001) , Medicago truncatula (Szittya et al., 2008) , Citrus trifoliate (Song et al., 2010) , and rice (Sunkar et al., 2008) . miRNAs play a critical role in various physiological and developmental processes including auxin signaling, organ separation, leaf development and reproduction (Khraiwesha et al., 2012) . Recently, it was reported that miRNAs are tightly associated with various biotic and abiotic stress responses, and various stress-related miRNAs have been identified in different plants (Zhao et al., 2007; Liu et al., 2008; Ding et al., 2009; Frazier et al., 2011; Katiyar et al., 2015) . It was also demonstrated that WGD is a major mechanism for the expansion of miRNA families, the percentage of microRNAs relative to the total small RNAs increased with increasing ploidy (Eichler et al., 2011) and some new miRNAs were induced by genome duplication (Ha et al., 2009) . Furthermore, many miRNAs were identified to target transcriptional factors (TFs) (Abrouk et al., 2012) which are preferable to be retained during WGD. This evidence indicates that the retention of miRNAs during polyploidization may balance the regulatory network and gene expression. The co-loss or co-retention of miRNAs and target genes may result in innovative miRNA-target interactions, which are important for adaptive responses to various environmental conditions in addition to maintaining a constant set of miRNAs for basic biological functions (Abrouk et al., 2012; Madlung, 2013) . It has been documented that microRNAs play an important role in adaptation to different environmental conditions by allopolyploids (Li et al., 2014) , but this has not been investigated in autopolyploids. Although it is known that genome duplication can induce new miRNAs, and innovative miRNAs targets are important in polyploids for response to unfavorable environmental conditions, little study has been done to explore the miRNAs that were not only induced by genome duplication but also participated in stress response.
Barley is a widely cultivated crop and one of the most tolerant to salinity among cereal crops (Mano and Takeda, 1998; Jabeen et al., 2015) , thus it is commonly used as a model plant to study salinity stress response. Hordeum bulbosum L. is a wild barley and has many disease resistance genes that can be transferred to improve the cultivars. The chromosome of H. bulbosum tends to be eliminated when outcrossing with cultivar barley, and this has attracted much attention from crop geneticists and breeders (Ortiz et al., 1985; Jie and Snape, 1989) . Most importantly, H. bulbosum includes diploid and natural autotetraploid that are adapted to different environmental conditions. Our study investigated how genome duplication per se affects miRNAs and how this helps autopolyploids respond to salt stress. We compared the ability of diploid and tetraploid H. bulbosum to tolerate salt stress trying to determine why they respond differently to salt stress by identifying the miRNAs that were induced by genome duplication but also were associated with stress response. We identified distinct miRNAs-target response to salt stress between diploids and tetraploids, and considered these effects on long-term evolution.
RESULTS

Comparison of salt tolerance between diploid and tetraploid
As shown in Figure 1(a) , similar RWC values were obtained in diploid (93.6%) and tetraploid (92.7%) CK and there was no significant difference (P-value 0.59) between the values. Under salt stress, there was a significant difference (P-value 0.036) between the RWC values of diploid and tetraploid, 79.1 and 84.1%, respectively (Figure 1a) . For the WL, the tetraploid had a lower WL value than that for the diploid under salinity stress (Figure 1b ). For diploids under salt stress, the WL values were 9.9, 17.4, 23.0, 29.4 and 35.1%, but in tetraploids under salt stress, the WL values were 5.5, 10.7, 13.4, 18.2 and 22.8%. These differences in WL between diploid and tetraploid under slat stress were significant (P-value were: 0.01, 0.005, 0.004, 0.008, 0.01, respectively) ( Figure 1b) .
Analysis of the sequence data
To identify the miRNAs that were induced by genome duplication but also associated with salt stress, four libraries of small RNAs from diploid and tetraploid H. bulbosum grown under unstressed and salt stressed conditions (diploid CK, diploid stress, tetraploid CK and tetraploid stress) were constructed and sequenced independently. After filtering and removing the low-quality tags, adaptors, shortages, and adaptor-adaptor ligation, we obtained 34296615, 32765430, 34432952 and 34970804 clean reads from diploid CK, diploid stress, tetraploid CK, and tetraploid stress, respectively. The clean data of these four libraries were searched against the Rfam database using BLASTN program. The numbers and proportions of different kinds of small RNAs from these four libraries were shown in Tables S1-S4.
Size profile is an important feature to distinguish miRNA from other small RNAs. Most mature miRNAs are~21 nucleotides (nt) in length. The length distribution patterns of these four libraries were analyzed. The results suggested that most small RNAs from these four libraries were 24 nt and 21 nt in size, followed by 22 nt and 23 nt (Figure S1 ). The percentages of miRNAs in tetraploid CK (28.7%) and tetraploid stress (31.5%) were higher than those in diploid CK (25.8%) and diploid stress (21.4%).
Identification of conserved miRNAs
Thirty-seven conserved miRNAs were identified from the diploid CK library, 33 conserved miRNAs in the diploid stress library, 41 conserved miRNAs in the tetraploid CK Figure 1 . Analysis of RWC and WL in diploid and tetraploid H. bulbosum under unstressed and salt stressed. (a) RWC were calculated for both diploid and tetraploid CK and salt stressed, according to the formula RWC (%) = [(FW À DW)/(TW À DW)] 9 100. (b) WL was measured once every 1 h for 5 h of both diploid and tetraploid under salt stress, according to the formula: WL (%) = (FW À F X )/FW 9 100. Statistical significance by Student's t-test: ns, no significance; *P < 0.05; **P < 0.01. library and 36 conserved miRNAs in the tetraploid stress library (Figure 2a ). In total, 54 conserved miRNAs were discovered from these four libraries, of which 19 miRNAs were in common in the four libraries. The diploid CK and diploid stress libraries had 27 common miRNAs, tetraploid CK and tetraploid stress had the same 32 miRNAs, while diploid CK and tetraploid CK libraries had only five common miRNAs (Figure 2a) . Overall, the miRNAs expression in the diploids in the stress treatment was downregulated compared with those in the diploid CK. However, there was no large-scale change in miRNAs expression patterns between tetraploid plants in stress and CK, or between diploid CK and tetraploid CK plants (Figures 2b and S2 ).
miRNAs affected by genome duplication per se
To identify the miRNAs influenced by genome duplication per se, the expression of each miRNA was compared between diploid and tetraploid CKs. The fold change of each miRNA was calculated according to the formula: fold change = log2 (miRNA TPM in tetraploid CK library/miRNA TPM in the diploid CK library). The results showed that 13 miRNAs were differentially expressed due to the genome duplication per se. Of these, nine miRNAs (miRNA171i, miR479, mir5048-5p, mir6196, miR169y, miR528b-3p, miR159k-3p, miR9652-5p, and miR5049f) were overexpressed in tetraploid CK compared with those in diploid CK plants, while 4 miRNAs (miR164k, miR1432, miR528b-5p, and miR1130b-3p) were downregulated in the tetraploid CK compared with those in the diploid CK (Table 1 and Figure 3a ). Among those nine upregulated miRNAs, five miRNAs were only identified in the tetraploid CK but not in the diploid CK (miR169y, miR528b-3p, miR159k-3p, miR9652-5p, and miR5049f), while among the four downregulated miRNAs, two miRNAs (miR528b-5p and miR1130b-3p) were only identified in the diploid CK (Table 1) . 
Salt stress-related miRNAs in diploid and tetraploid plants
To identify salt stress related miRNAs in diploid plants, the fold change of each miRNA between salt stressed diploid and CK plants was calculated according to the formula: fold change = log2 (miRNA TPM in diploid stress library/ miRNA TPM in diploid CK library). The result showed that five miRNAs (miR319p, miR159-3p, miR6196, miR7714-3p and miR827c) were upregulated in diploid stressed plants compared with those in diploid CK, while 16 miRNAs were downregulated in the diploid stress treatment relative to the diploid CK (Table 2 and Figure 3b ). To identify the salt stress related miRNAs in tetraploid, the fold change of each miRNA between tetraploid stress treatment and CK was also calculated according to the formula: fold change = log2 (miRNA TPM in tetraploid stress library/ miRNA TPM in tetraploid CK library). Only three miRNAs (miR396e-5p, miR9647c-5p and miR528b-3p) were downregulated and five miRNAs (miR319p, miR395y, miR5568f-3p, miR160j and miR6197) were upregulated in the tetraploid salt stressed plants compared with those in tetraploid CK (Table 2 and Figure 3c ). By analyzing the differentially expressed miRNAs and the functions of these miRNAs in the diploid stress and tetraploid stress treatment, we discovered different miRNAs-targets responses to salt stress in diploid and tetraploid plants (Figure 6a, b) .
Targets of known miRNAs and gene ontology (GO)
The target genes of the 54 conserved miRNAs were predicted using psRNATarget and psRobot. The results suggested that 1251 and 1875 target genes were predicted by psRNATarget and psRobot, respectively (Figure 4a ). In total, 2284 targets were predicted for these 54 conserved miRNAs. The functions of the identified targets for miRNAs were annotated (Table S5 ). These target genes were grouped into three different categories based on their functions: biological process, cell component and molecular function (Figure 4b) . miRNAs induced by genome duplication also associated with salt-stress response
In total, 5 miRNAs (miR171i, miR479, miR5048, mir6196 and miR528b-3p) were affected by genome duplication, and were also associated with salt stress. Of these, four miRNAs (miR171i, miR479, miR5048, and mir6196) were upregulated in tetraploid CK (Table 1 ) compared with those in the diploid CK. However, miR171i, miR479, and miR5048-5p were downregulated in diploid stress (Table 2 ) compared with those in the diploid CK, and miRNA6196 was upregulated in the diploid stress ( Table 2 ) relative to that in the diploid CK. In addition, miR528b-3p was only detected in the tetraploid CK, not in the diploid CK (Table 1) , but was downregulated in the tetraploid stress compared with that in the tetraploid CK (Table 2) . Target prediction and function annotation indicated that the targets of miRNA171i and miR479 are PNSB (photosynthetic NDH subunit of subcomplex B chloroplastic) (Table S5 ). The predicted targets of miR528b-3p are ERF2 (ethylene-responsive transcription factor 2), PLDZ1 (phospholipase D zeta 1), MZT1B (mitotic-spindle organizing associated with a ring of gamma-tubulin 1B) and RFA1C (replication A 70 KDa DNA-binding subunit C). As for the other two miRNAs, miR5048-5p and miR6196, their functions could not be precisely predicted.
qRT-PCR validation
To validate the high-throughput sequencing results, eight miRNAs were randomly selected for qRT-PCR, and the qRT-PCR results were consistent with the sequencing data (Figure 5a-c) . For example, both the sequencing data and the qRT-PCR results showed that the expression of miRNA164k was downregulated in the tetraploid CK compared with the diploid CK, while miRNA171i was upregulated in the tetraploid CK compared with the diploid CK, and miR528b-3p was downregulated in the tetraploid stress relative to the tetraploid CK. The specific relative expression level of miR396e-5p in the tetraploid stress, miR164k in the diploid stress compared with the respective CKs, and miRNA171i in the tetraploid CK versus diploid CK were not completely identical between the qRT-PCR and sequencing data, but expression trends were similar between qRT-PCR and sequencing data in response to salt stress. In this study, we found that under salinity stress tetraploids have higher RWC and lower WL values, indicating that tetraploid H. bulbosum has a stronger ability to maintain water content and prevent water loss. Therefore, tetraploid H. bulbosum can better deal with the salt stress compared with its diploid progenitor, which is consistent with the findings in other plant species (Lu et al., 2006; Saleh et al., 2008; Liu et al., 2011; Meng et al., 2011; Wang et al., 2013) .
Bioinformatic analysis of miRNAs
By analyzing the length distribution of miRNAs in the four libraries (diploid CK, diploid stress, tetraploid CK and tetraploid stress), it was found that most small RNAs from these four libraries were 24 nt and 21 nt in size, followed by 22 nt and 23 nt ( Figure S1 ). The length distribution patterns of these four libraries were highly consistent with small RNA sequences in other plants, such as in cultivated barley (Hordeum vulgare) (Lv et al., 2012) , peanut (Arachis hypogaea L.) (Chi et al., 2001) , Gossypium hirsutum , Medicago truncatula (Szittya et al., 2008) , and rice (Sunkar et al., 2008) . It was also consistent with the typical size of Dicer-digestion product (Lv et al., 2012) . We also discovered that both tetraploid CK and tetraploid stress libraries have higher percentages of miRNAs (31.5 and 28.7%, respectively) than those in both (salt stressed/CK) diploid libraries (25.8 and 21.4%). This discovery was consistent with the finding that the percentage of microRNAs relative to the total small RNAs increased with the increasing polyploidy, and WGD is a major mechanism for the expansion of miRNA families (Ha et al., 2009; Eichler et al., 2011) . We found 2284 target genes in total (Figure 4a ) for the 54 conserved miRNAs. As shown in Table S5 , most of the targets are transcriptional factors (TFs) such as the predicted targets of mir156z, mir159k-3p, mir164k targeting Square ■, triangle ▲, and circle • refer to miRNAs that were upregulated, downregulated or equally regulated in tetraploid stress compared with those in tetraploid CK, respectively.
SPL, GAMYB and NAC (Mallory et al., 2004) , respectively. This result is similar to previous findings for maize (Ding et al., 2009) . Other targets like ARF, ERF, SOD and TCP TFs were also discovered in this study, and were identified to be the salt-induced targets of miRNAs, as reported in previous studies (Palatnik et al., 2007; Ding et al., 2009 ).
MiRNAs associated with both genome duplication and stress response
In this study, we found that five miRNAs were not only affected or induced by genome duplication, but were also involved in salt-stress response. Among these five miRNAs, four (miR171i, miR479, miR5048-5p and miR6196) were upregulated in tetraploid CK compared with those in diploid CK, but miR171i, miR479 and miR5048-5p were downregulated and miR6196 was upregulated in diploid stress compared with those in the diploid CK. The predicted targets of miRNA171i and miR479 are PNSB (photosynthetic NDH subunit of subcomplex B chloroplastic) (Table S5 ) which mediates cyclic electron transport and plays an important role in chloro-respiration, and NDH is also required for protection of photosynthetic machinery (Ueda et al., 2012) . The miR528b-3p was only found in the tetraploid CK plants and was downregulated in the stress treatment compared with the CK. The predicted targets of miR528b-3p were ERF2, PLDZ1, MZT1B and RFA1C. PLD was involved in osmotic stress-activated phospholipid signaling, and can generate PA that is a signal molecule to activate the stress-responsive gene expression (Zhu, 2002) . ERF2 is involved in phytohormone signal cascades and has been identified as salt-induced targets of miRNAs in previous studies (Palatnik et al., 2007; Ding et al., 2009 ). MZT1B, c-tubulin plays an important role in the organization of spindle and participates in the mitotic entry (Zimmerman et al., 2004) while RFA1C is critical not only for DNA replication but also for efficient DNA repair and recombination (Longhese et al., 1994) . These results may indicate that during genome duplication the new induced miR528b-3p can help to control DNA duplication, repair and cell division, while under salt stress, miR528b-3p was downregulated which can increase the expression of PLD and ERF to better cope with salt stress. It is worth noting that miR528b-5p was only detected in diploid CK, while miR528b-3p was only detected in the tetraploid CK (Table 1 ). The predicted target of miR528b-5p is SOD (Ding et al., 2009 ) which was only involved in salt stress response, while the predicted targets of miR528b-3p were not only associated with salt stress but were also involved in DNA replication and repair. Actually, miRNA-5p and miRNA-3p resulted from the same pre-miRNA, and it was proposed that arm switching may contribute to isomiR expression and thus can complicate the regulatory network and may favor keeping the genome compact, because miRNA-5p and miRNA-3p do not target the same gene families (Hu et al., 2014) . Therefore, the arm switching that occurred in tetraploid may be due to genome duplication. It is reported that the co-retention of miRNAs and target genes may result in innovative miRNAtarget interactions that are critical to an adaptive response to various environmental stimuli in addition to maintaining a constant set of miRNAs for basic biological functions (Abrouk et al., 2012) . Thus, in theory, the newly induced miR528b-3p and the over-retained miRNAs (miR171i, miR479, miR5048-5p and miR6196) may develop novel miRNAs-target interaction that can help tetraploids better cope with stressful environmental conditions. 
Distinct miRNAs targets responses to salt stress in diploid and tetraploid plants
In this study, a comparison of the functions (Table S5 ) of all differentially expressed or newly induced miRNAs in diploid and tetraploid salt stressed plants with their respective CKs showed there are distinct miRNAs targets in response to salt stress in diploids and tetraploids (Figure 6a, b) . The differentially expressed miRNAs in tetraploid stress compared with its CK can decrease energy wastage and activate stress-related genes such as, miR399, which can decrease biosynthesis of starch and amino acids to maintain the supply of energy , and miR169, which can target NF-YA, a CCAT-BOX binding transcription factor and regulator of a large number of genes . Although fewer miRNAs are differentially expressed in tetraploid stressed plants than in the diploid stressed plants (Table S5) , the differentially expressed and new generated miRNAs in the salt stressed tetraploids are sufficient to deal with the stress effects, which suggested that some of the differentially expressed miRNAs in diploids under salt stress are redundant. For instance, both miR159-3p and miR319p were predicted to target GAMYB (Ding et al., 2009 ), the predicted targets of both miR156z and miR157d-5p were SPL , and both miR399 and miR827-5p regulated the Pi concentration in plants (Lin et al., 2010) . Theoretically, the more miRNAs were downregulated, the more energy was consumed to produce protein which will slow the growth (Ng et al., 2012) . In this case, diploids might need more energy to cope with the salt stress than tetraploids. In turn, diploids have less energy to sustain normal growth compared with tetraploids. All these results indicated that, under salt stress, tetraploids have a more elaborate miRNA-target interaction compared with that in diploids, which can help tetraploids better deal with salt stress and maintain normal growth, and is consistent with our physiological results that tetraploids have a stronger ability to retain water and prevent water loss resulting in better survival under salt stress.
EXPERIMENTAL PROCEDURES Salt treatment
Accessions of diploid and tetraploid H. bulbosum were provided by the U.S. National Plant Germplasm System. Diploid (14 . miRNAs which only were downregulated in diploid salt stress compared with that in diploid CK but not in tetraploid.
miRNAs which were upregulated both in diploid and tetraploid under salt stress compared with their CKs. miRNAs which were only upregulated in diploid stress relative to that of diploid CK but not in tetraploid.
, induction; , inhibition. chromosomes) and tetraploid (28 chromosomes) H. bulbosum were identified through chromosome counting. In this study, the diploid (plant ID: PI240164) and the tetraploid-(PI106880) cytotypes were randomly chosen. The seeds of diploid and tetraploid H. bulbosum were germinated in a Petri dish for 1 week and then transplanted into soil and grown in the greenhouse. Both diploid and tetraploid H. bulbosum were divided into CK groups (diploid CK and tetraploid CK), which were watered with tap water once every 2 days for 2 weeks, and the experimental groups (diploid and tetraploid salt stress treatment), were watered with salt solution (250 mM) for 2 weeks (once every 2 days) . Each group had four replicates. Under salt stress, the ionic and osmotic homeostasis will be disrupted thus re-establishing the ionic and osmotic balance is a necessary response for plants to adapt to salinity stress (Zhu, 2001) . From the osmotic point of view, a strong ability to retain water and prevent water loss is critical. Therefore, the water loss (WL) and relative water content (RWC) were measured to determine the ability to tolerate salt stress between diploid and tetraploid H. bulbosum.
Relative water content (RWC)
The first fully expanded leaves were cut to measure the relative water content (RWC) . This was done by recording the fresh weight, then the leaves were immersed in deionized water at 4°C for 24 h and the turgid weight (TW) was recorded. Finally, these leaves were dried in an oven for 24 h at 80°C and dry weight (DW) was recorded . The RWC was calculated according to the formula: RWC (%) = [(FW À DW)/(TW À DW)] 9 100 (Suprunova et al., 2004) . To compare the RWC values among different groups, the average RWC values of diploids and tetraploids CK and salt stress were obtained and boxplot was generated by using RStudio Team (2016) (RStudio: Integrated Development for R. RStudio, Inc., Boston, MA URL http://www.rstudio.com/). Statistical significances between diploid and tetraploid plants under the same treatments were tested using Student's t-test.
Water loss
The second fully expanded leaves were used to measure water loss (WL) . The second fully expanded leaves were cut, fresh weight (FW) was recorded, then the leaves were put on the filter paper in a Petri dish and weighed once every hour for 5 h and recorded as F x : F 1 , F 2 , F 3 , F 4 , F 5, respectively. Eventually, the proportions of fresh weight loss were calculated as the percentage of initial fresh weight according to the formula: WL (%) = (FW À F X )/FW 9 100 (del Pozo and Ramirez-Parra, 2014; Zhu et al., 2015) . The averaged WL values of diploids and tetraploids under salt stress were calculated from the five different measurements over time and a line graph was generated using RStudio Team (2016) . Statistical significances between diploids and tetraploids under salt stress were tested using Student's t-test.
Extraction of RNA and High-throughput sequencing
Total RNA was extracted from about 100 mg leaves using TRIzol reagent according to the TRI Reagent â Protocol. The total RNA from the four samples (diploid CK, diploid stress, tetraploid CK, tetraploid stress) were sent to the BGI company (BGI Americas Corporation, MA, USA) to perform RNA sequencing using the HiSeq-4000 platform.
Bioinformatic analysis for conserved miRNA identification
The impurities of raw data including low-quality reads, 5 0 primer contaminants, reads without 3 0 primer, reads without the insert tag, reads with poly A, and reads shorter than 18 nt were removed as described by Sunkar et al. (2005) . The clean data was aligned to the mature miRNAs of all plants in miRBase 21.0, allowing two mismatches using BLASTN. The highest expression of miRNA for each mature miRNA family was selected and treated as the temporary miRNA database. The precursors of all the identified miRNAs in the temporary miRNA database were predicted via Mireap (http://sourceforge.net/projects/mireap/) developed by the BGI; those that could not form hairpin structure were treated as pseudo-miRNAs and removed. The clean data was aligned to the temporary miRNA database through BLASTN, the expression of each miRNA was generated by summing the count of tags which align to the temporary miRNA database within two mismatches.
To compare the common and unique miRNAs among different libraries, a Venn diagram was generated using jvenn program (Bardou et al., 2014) . The expression of each miRNA was normalized to transcripts per million (TPM) according to the following formula: TPM = actual miRNA count/total count of clean reads 91 000 000. Based on the normalized expression of each miRNA in the four libraries, boxplot and heatmap were generated using RStudio Team (2016) to compare the expression of miRNAs in the four libraries.
Differential expression analysis of miRNAs
To compare the abundance of miRNAs between diploid and tetraploid libraries, the count of each miRNA was normalized to transcripts per million (TPM). TPM = actual miRNA count/total count of clean reads 91 000 000. Afterwards, the fold change was calculated by using fold change = log2 (miRNA TPM in tetraploid library/miRNA TPM in diploid library). Positive values mean the miRNAs upregulated, while negative values indicate the miRNAs were downregulated. To identify the polyploidy-specific miRNAs two standards need to be met; (i) normalized count was at least 1 TPM in either diploid or tetraploid library; and (ii) log2 ratio of the normalized count in diploid or tetraploid libraries was >1 or <À1. Scatterplots were produced using RStudio Team (2016) to identify the differentially expressed miRNAs between diploid and tetraploid libraries.
qRT-PCR validation
Total RNA was extracted from four samples (Dip-CK, Dip-stress, Tetra-CK and Tetra-stress) using TRIzol reagent according to the TRI Reagent â Protocol. miRNA-specific stem-loop RT primers were designed according to the method in Kramer (2011) and used for the transcription of the total RNA extracted from leaves. Reverse transcription was performed by using the QuantiTect Reverse Transcription kit (QIAGEN, Germantown, MD, USA) according to the manufacturer's protocol. Then the cDNA was used for real-time PCR using specific forward and universal reverse primers (Table S6) . snoR14 was used as the internal CK for the stem-loop qRT-PCR. Quantitative real-time PCR was performed using the Green-2-GoMastermix (Biobasic, Markham, ON, Canada) on Applied Biosystems 7000 Sequence Detection System (Life Technology, Foster City, CA, USA). Each 20 ll reaction contained 10 ll Green-2-Go-Mastermix, 1 ll (10 lm) forward primer, 1 ll (10 lm) reverse primer, 7 ll RNase-free water and l ll cDNA template. The PCR profile was 95°C for 30 sec, followed by 40 cycles of 95°C for 5 sec and 60°C for 10 sec. After the reactions were completed, the threshold was manually set (=0.2) and the threshold cycle (C T ) was automatically recorded. (The C T is defined as the fractional cycle number at which the fluorescence signal passes a fixed threshold). All reactions were performed with three replicates. The relative expression level was calculated using the Pfaffl method (Pfaffl, 2001 ).
Target gene prediction and Gene Ontology (GO) analysis psRobot, and psRNATarget were used to predict the potential targets of all the miRNAs. For the psRobot program, the following parameters were used: for the target prediction: penalty score threshold 3.0; five prime boundary of essential sequence 1; three prime boundary of essential sequence 31; maximum number of permitted gaps 0; position after which with gaps permitted 1. For the psRNATarget program, the following criteria were used for the target prediction: maximum expectation 3.0; length for complementary scoring (hip size) 20; target accessibility (UPE) 25.0; flanking length around the target site for target accessibility analysis 17; range of central mismatch leading to translational inhibition 9-11 nt. All the mutual and unique targets were accepted (Katiyar et al., 2015) and a Venn diagram was made by using the jvenn program (Bardou et al., 2014) . After finding the targets of miRNAs, all targets were annotated using Blast2GO and according to the functions of target genes, they were grouped into three ontologies in Gene Ontology (GO) using RStudio Team (2016) : biological process, molecular function, and cellular component. 
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